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The current study proposes a combined experimental and modeling approach
to characterize the mechanical response of composite lead-free solders. The
influence of the reinforcement volume fraction on the shear response of the
solder material in the joint is assessed. A novel optimized geometry for single
lap shear specimens is proposed. This design minimizes the effect of plastic
strain localization, leading to a significant improvement of the quality of
experimental data. The constitutive model of the solder material is numeri-
cally identified from the load–displacement response of the joint by using
inverse finite element identification. Experimental results for a composite
solder with 0.13 reinforcement volume fraction indicate that the presence of
the reinforcement leads to a 23% increase of the ultimate stress and a 50%
decrease of the ultimate strain. To interpret experimental data and predict the
elastoplastic response of the composite solder for varying particle volume
fraction, a three-dimensional (3D) homogenization model is employed. The
agreement between experiments and homogenization results leads to the
conclusion that the increase in the ultimate strength and the decrease in
ductility are to be attributed to load sharing between matrix material and
particles with the development of a significant triaxial stress state which
restricts plastic flow in the matrix.
Key words: Mechanical properties, shear test, lead-free, composite,
homogenization
INTRODUCTION
Solders are widely used as interconnect materials
in the electronics industry. The solder interconnect
provides both electrical contact and mechanical
connection between integrated circuit devices and
their substrate.1 Traditionally used Pb-Sn solders
have to be replaced by Sn-rich lead-free solders
because of the toxicity concerns surrounding the use
of lead. Some potential replacements include Sn-Ag
and Sn-Ag-Cu solders.2 However a sufficiently
extended knowledge of the mechanical behavior and
reliability of Sn-rich lead-free solders is not yet
available.3 A particularly critical aspect is reliability
at high service temperatures. For instance, in
automobile applications solder joints undergo com-
bined electrical, mechanical, and thermal loads.
Such microelectronic applications require solders to
possess good microstructural stability, strength,
and creep resistance.4
In the last decade, researchers have demonstrated
the possibility to engineer composite lead-free sol-
ders with improved mechanical and thermome-
chanical properties. Composite solders contain
uniformly distributed second-phase particles that
reinforce the solder matrix.5 The two most common
methods to produce composite solders are in situ and
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by mechanical addition. Between these two the
mechanical addition of suitable particles that bond
with the solder matrix appears to be the most via-
ble. The densities of the particle and the solder
matrix should be matched to avoid segregation and
promote the uniform distribution of reinforce-
ments.5 Moreover, the presence of the reinforce-
ment should not significantly alter the reflow
temperature and wettability of the solder matrix.5
Adopting the composite approach, Lee et al. pro-
duced composite solder by adding 0.1 wt.% to
2.0 wt.% Co (<2 lm) particles to eutectic Sn-3.5Ag.
They reported a 28% increase in the shear strength
of the Co-reinforced Sn-3.5Ag solder compared with
the unreinforced counterpart. This increase in the
shear strength was attributed to the formation of
faceted needle-like (Cu,Co)3Sn2 intermetallic com-
pounds.6 Recent developments in nanotechnology
have led researchers to produce nanocomposite
solders by mechanically mixing Sn-rich lead-free
solders with metallic nanopowders such as Ni,
Cu, and Mo. Such nanocomposite solders have
been reported to possess enhanced mechanical
properties.7–9 Extensive research has been per-
formed on composite solders, and the majority of the
published results report an increase in strength-
related mechanical properties such as ultimate
tensile stress, shear strength, and microhardness.5
The enhancement of the mechanical properties can
be associated with mechanisms occurring at two
levels: (i) at the grain/dislocation level, the
enhancement of the mechanical properties in com-
posite solders is commonly attributed to pinning of
grain boundaries that restrain grain boundary
sliding occurring at higher homologous temperature
and (ii) at the continuum level, the higher yield and
ultimate stress of the composite material is usually
justified by load sharing between the phases and
subsequent development of significant triaxial
stress state in the solder matrix that restricts
plastic deformation. However, the dependency of
the property (shear strength/creep resistance)
enhancement mechanism on the reinforcing char-
acteristics of particles such as volume fraction and
size is not yet fully understood.10
Various testing methods have been used for
investigating the mechanical properties of Sn-rich
lead-free solders.11 Among these, shear testing is
believed to resemble real-life loading configuration
of the solder joints.12 A typical solder joint consists
of a thin layer, or a small ball of solder, within a size
range of 100 lm to 1000 lm, confined between
relatively rigid base materials. In such a structure,
constraints from the rigid base materials induce
inhomogeneous stress and strain fields in the
solder.12,13 Due to the small thickness of the solder
layer compared with the substrate, mechanical test
methods in which only the global strains are mea-
sured (clip gage) and then corrected to take the
deformation of the base material into account can
only provide a crude approximation of the actual
strain field in the solder.12 Local strain measure-
ment on the length scale of the solder thickness
(optical strain measurement) is thus highly recom-
mended to characterize the solder material accu-
rately. Moreover, Sn-rich lead-free solder joints
exhibit an elastoplastic behavior, strongly depen-
dent on factors such as joint geometry, dimensions,
and processing parameters, all of which can affect
the microstructure.12–16 In fact, very few studies
have systematically investigated the effect of strain
inhomogeneity and geometry dependence of the
elastoplastic behavior of solder joints under shear.
These studies report a large scatter in experimental
results, even for solder joints prepared with the
same solder alloy.12 Therefore the effect of stress
and strain inhomogeneity on the shear response of
the solder joint needs to be minimized as much as
possible by careful test design and must be taken
into account in the model used to identify the elas-
toplastic properties of the solder material. This
precise determination of the mechanical response
of the solder material is required to model and
predict the reliability of solder joints and electronic
packages successfully.
In an effort to address the above issues, the
current study adopts a combined approach of experi-
mental and modeling techniques. The primary
objective is the assessment of the effect of
reinforcement on the shear response of composite
lead-free solder. For this purpose a reference
Sn-4.0Ag-0.5Cu (SAC405) lead-free solder alloy and
a composite solder prepared by adding micrometer-
sized Ni particles to SAC405 solder were investi-
gated. A novel specimen geometry, optimized using
the finite-element (FE) method, is proposed. This
design leads to ‘‘cleaner’’ shear tests, minimally
affected by stress concentration and with a low risk
of premature failure at the substrate/solder inter-
face. As a consequence, reliable mechanical prop-
erties can be identified from experimental results.
In situ optical extensometry combined with digital
image correlation (DIC) is used to determine the
stress–strain response of the solder joint.13 Finally,
the constitutive properties of solder materials are
numerically identified from the global stress–strain
response of the solder joint by inverse FE modeling
of the shear test.
A 3D FE homogenization model for particle-
reinforced composites is employed to predict the
solder’s elastoplastic behavior as a function of
particle volume fraction.17 The inputs of the homoge-
nization model are the constitutive model of the
unreinforced solder matrix, and the elastic proper-
ties and volume fraction of the reinforcement, i.e.,
the phases formed due to particle addition. The
output of the homogenization model is the uniaxial
stress–strain curve of the composite solder. The
homogenization results are then compared with
the constitutive model of the composite solder
identified from the experimental data. Finally, this
comparison serves as a basis for a discussion of the
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effects of particle reinforcement in the present
composite solder system.
MATERIALS AND EXPERIMENTAL
PROCEDURES
Fabrication of Bulk Specimens
for Microstructure Analysis
Lead-free solder SAC405 (Alpha Metals), in paste
form, with OM338 flux, was utilized. The composite
solder was prepared by adding 4.2 vol.% microme-
ter-scale commercial Ni particles (3 lm to 7 lm,
99.9% purity, Leico Industries) to the solder paste
with a simple mechanical mixing method.18 The
volume fraction of Ni particles was computed with
respect to the actual volume of solder in the SAC405
paste, which contains about 10 vol.% flux. Bulk
specimens for microstructural analysis, of both
the reference and composite solder, were fabricated
by reflowing the prepared solder in a cylindrical
aluminum nitride crucible. Reflow soldering was
conducted in a Zelflow RO4 oven (LPKF Electronics)
with a temperature profile consisting of a 170C
preheating stage followed by a peak temperature of
240C. The bulk specimens were reflowed individ-
ually and removed from the oven to cool in air at
room temperature. The reflowed specimens were
degreased with ethanol, rinsed in deionised water,
blown dry, and embedded in epoxy resin for further
metallographic preparation. The embedded speci-
mens were polished to a 0.1 lm finish with a sus-
pension of alumina particles and finally etched with
a solution of 5 vol.% HCl in methanol to highlight
the intermetallic phases. Optical and scanning
electron microscopy (SEM) with energy-dispersive
spectroscopy (EDS) were used to characterize the
intermetallic phases and provide micrographs for
subsequent image analysis.
The micrographs of the polished and etched bulk
specimens were processed to estimate the volume
fraction of Ni and Ni-containing intermetallic pha-
ses. The average volume fraction was calculated
from nine measurements on three composite speci-
mens with identical composition.
Design and Fabrication of Joint Specimens
for Shear Testing
Extensive FE simulations accompanied by pre-
liminary shear tests were carried out to design the
single shear joint specimen, sketched in Fig. 1. Its
geometry was optimized to ensure almost uniform
plastic strain at the center of the joining layer and
minimal stress concentrations at the interfaces.
Another important advantage of the developed
shear test specimen is that its fabrication requires
minimally invasive machining steps: only two
2-mm-diameter holes need to be drilled to obtain the
final specimen geometry, as shown in Fig. 1. The
drilling operations are performed in a specific
clamping and alignment fixture which ensures
that the solder layer is not damaged during the
operation. A typical equivalent plastic strain field
obtained by FE simulations and an experimental
shear strain field measured during shear testing,
measured by DIC, are compared in Fig. 2a and b. It
is worth noticing that, even in the presence of
imperfections (e.g., voids), plastic deformation tends
to concentrate in the center of the joining layer,
thereby minimizing the possible effects of interface
damage on the stress–strain response of the solder.
The solder joint specimens were fabricated
according to the following procedure. Cu plates were
machined to produce symmetrical substrates of
dimensions 60 mm 9 20 mm 9 2 mm. Individual
shear lap joints were then produced by affixing the
substrates to a custom soldering jig that ensures a
gap width of 1 mm, as shown in Fig. 1. The solder
paste, prepared as described in ‘‘Fabrication of Bulk
Specimens for Microstructure Analysis,’’ was spread
between the two Cu substrates. The solder was
reflowed and the joints were produced by placing
the entire assembly (jig with affixed Cu substrates
and solder) in the reflow oven, where it underwent
an identical temperature profile to that adopted for
the bulk solder specimens. Once removed from the jig,
the test specimens were carefully ground to remove
any excess solder. The average specimen thickness
after grinding was 1.98 mm. A total of 22 specimens
was produced: 12 with SAC405 and 10 with the
composite solder. Four joints, two for each material,
Fig. 1. Schematic of the novel single lap joint shear specimen and
loading direction.
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were metallographically polished to obtain micro-
graphs for the analysis of the morphology and
thickness of the substrate/solder reaction layer and
to observe the deformation during shearing. The
average reaction layer thickness at the substrate/
solder interface was determined by using the tech-
nique adopted in a previous study by the authors.19
Shear tests were performed on an Instron 5848
Micro Tester with an imposed displacement rate of
2 lm/min. A sequence of high-resolution images of
the joints was recorded during the test using an
optical microscope at magnifications of 249 to 489.
The recorded sequences were then processed with
DIC software to calculate the evolution of the
average strain in the solder joint during the test.13
This technique provides for a strain resolution in
the joint of approximately 0.02%.
RESULTS
Microstructural Analysis
The two materials investigated in the current
study are referred to hereafter as follows: SAC405
stands for the unreinforced reference solder, while
SAC405+Ni stands for the composite solder con-
taining Ni particles.
The microstructure of bulk SAC405 was similar in
morphology and composition to that reported in a
previous study.19 The microstructure of a bulk
SAC405+Ni composite specimen is presented in
Fig. 3. The Ni particles have reacted with the sol-
der alloy to form a surrounding reaction layer. The
results of a typical EDS line scan for elemental
weight composition versus scan distance (lm) are
reported in Fig. 4, while the corresponding path is
indicated by the dotted line in Fig. 3. The graph
indicates an unreacted core of Ni surrounded by a
reaction layer. The weight composition of the reac-
tion layer closely corresponds to the Ni3Sn4 inter-
metallic phase occurring at 73 wt.% Sn,20 (the
matrix alloy is mainly composed of Sn, 95.5 wt.%,
with minor additions, 0.5 wt.%, of Cu). The average
intermetallic layer thickness around the Ni parti-
cles is about 3.5 lm and is characterized by ‘‘sun-
burst’’ morphology, as reported in analogous
studies.21 A few larger Ag3Sn platelets and pores up
to 5 lm in diameter were also observed. The volume
fraction of the reinforcing phases produced due to
the addition of 4.2 vol.% Ni particles was calculated
by image analysis and found to be around 13%. If all
the Ni reacted, a volume fraction of about 16%
would be expected (as estimated by the mass bal-
ance equation). This further observation confirms
the observations in Fig. 3: much of the Ni in the
particles has reacted to form Ni3Sn4 intermetallics,
but in many cases a small core of unreacted Ni is
still present.
The microstructural analysis of the shear test
specimens produced with SAC405 revealed that the
reaction layer (substrate/solder interface) consists of
a scallop-shaped layer of Cu6Sn5 intermetallic with
an average thickness of 3.3 lm. These results are in
agreement with data reported in the literature.19,22
The microstructural analysis of the shear test
Fig. 2. (a) Simulated equivalent plastic strain field in the shear test specimen. (b) Shear strain field, as measured by DIC, during a shear test.
Fig. 3. Backscatter SEM image of bulk SAC405+Ni specimen at
high magnification. The dotted line is the path of the EDS line scan
reported in Fig. 4.
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specimens produced with SAC405+Ni revealed an
increased thickness of 10.1 lm and a more planar
morphology for the reaction layer, as shown in
Fig. 5. Figure 5 also illustrates that Ni particles
have reacted with the solder alloy and the substrate
(Cu) to form a CuNiSn layer. Results from similar
studies document the formation of CuNiSn inter-
metallic both at the substrate/solder interface and
around Ni particles.21 Moreover it was observed
that Ni-CuNiSn particles tend to form agglomer-
ates, close to the substrate/solder interface, as
shown in Fig. 5.
Mechanical Characterization of the Solder
Joint
The stress–strain responses of the joint specimens
tested in shear are presented in Fig. 6, in which the
curves are plotted up to 15% strain, and Fig. 7,
Fig. 4. Typical EDS line scan on SAC405+Ni specimen. The graph
represents the evolution of elemental composition (wt.%) along the
path (lm) indicated in Fig. 3.
Fig. 5. Backscatter SEM image of SAC405+Ni shear test specimen
showing the intermetallic layer at the substrate/solder interface.
Fig. 6. Experimental stress–strain response of the joint specimens
tested in shear.
Fig. 7. Average experimental stress–strain response of joint
specimens with different strain range.
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which displays the average stress–strain curves up
to the ultimate strain. The gray solid line and the
black bulleted line in Fig. 6 represent the average
stress–strain response of joint specimens produced
with SAC405 and SAC405+Ni, respectively. The
average stress–strain curve was calculated from at
least eight joint specimens for each solder material.
The gray shading represents the standard deviation
in the experimental data. The scatter in the exper-
imental data is limited and leads to an uncer-
tainty of 5% on the shear stress–strain curves.
The ultimate shear stress of joints produced
with SAC405+Ni is about 32.5 MPa, which is a
substantial increase (about 25%) over the corre-
sponding value, 25.3 MPa, for the joints produced
with SAC405. The graphs of the full stress–strain
curves reported in Fig. 7 show that four different
regions for the shear strain can be identified, each of
them related to a dominant deformation mecha-
nism: (a) elastic, (b) plastic, (c) damage accumula-
tion, and (d) crack propagation and failure. The
in situ micrographs corresponding to the four states
are shown in Figs. 8 and 9, for SAC405 and
SAC405+Ni, respectively. During the first phase
of the test, stage a, both the SAC405 and the
SAC405+Ni joints exhibit elastic behavior. The yield
stress (ry) of the SAC405 joint specimen was
measured to be 24 MPa, 4 MPa lower than that
observed for the SAC405+Ni joint specimen (ry =
28 MPa). During stage b, the stress–strain curve of
SAC405 flattens, and plastic deformation develops
with no increase in stress, whereas in SAC405+Ni a
significant hardening is observed. The third stage, c,
is characterized by a distinct drop in shear stress
from 31 MPa to 25 MPa for the SAC405+Ni speci-
men while the stress–strain curve for SAC405
remains flat at about 24 MPa, i.e., the material
deforms plastically, maintaining its shear strength.
In the final phase, d, further increase of shear strain
leads to quasibrittle failure of the SAC405+Ni
specimen through crack propagation, as shown in
Fig. 9. Failure initiation was primarily observed at
the interfacial intermetallic layer, from which a
crack propagated in the region close to the sub-
strate/solder interface. The ultimate shear strain for
the SAC405+Ni was measured to be in the range of
40% to 60%. In contrast to the brittle failure ob-
served for the SAC405+Ni specimen, SAC405
exhibited large plastic deformation and eventual
ductile failure in the bulk of the solder specimen
(Fig. 8d). The ultimate shear strain for the SAC405
specimen was in the range of 80% to 100%.
Fig. 8. In situ micrographs of SAC405 test specimen corresponding to the four different stages of the deformation process.
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A typical micrograph of the central region of
SAC405+Ni, the encircled region in Fig. 9d, is shown
in Fig. 10. Microcracks can be observed in the Sn
grains. The dark core identifiable in the Sn phase is
constituted of reinforcing Ni/Ni3Sn4 phases (as
determined by EDS). Note that neither debonding of
the reinforcing particles from the solder matrix nor
failure in the Ni particles themselves can be observed.
ANALYSIS
Identification of Constitutive Properties
of the Solder
The constitutive response of the solder was
identified from the experimental stress–strain curve
of the solder joint by means of inverse finite-element
identification. The experimental load–displacement
responses of the joint specimens were utilized as
inputs for the identification procedure, in which an
optimization loop is combined with an FE model of
the experiment. The output of the identification is
the stress–strain curve of the solder material that
leads to the best fit with the experimental data.
Fig. 9. In-situ micrographs of SAC405+Ni test specimen corresponding to the four different stages of the deformation process.
Fig. 10. Backscatter SEM image of the surface of a SAC405+Ni joint
after testing.
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A detailed description of the identification
procedure is reported elsewhere.13 It is important to
remark that, since the FE model represents the
actual solder joint geometry, it correctly accounts for
the geometrical effects on the solder joint response
and thus compensates for these effects in the identi-
fication, therefore yielding the actual constitutive
properties. The copper substrates are considered to
be purely elastic and the solder as an elastoplastic
material which follows the Von Mises yield criterion
and has isotropic hardening. The isotropic hardening
law used in the FE model is given by
ry ¼ r0y þQ1 1 exp b ep
  
;
where ry; ep; r0y; Q
1; b are the yield stress, plastic
strain, initial yield stress, and two hardening
parameters, respectively. As damage is not mod-
eled, the identification was carried out on the first
portion of the experimental curve, up to the ulti-
mate stress. The constitutive (uniaxial) stress–
strain curves of SAC405 and SAC405+Ni are plotted
in Fig. 11. The solid gray and black bulleted lines
are the identified stress–strain curves of SAC405
and SAC405+Ni, respectively. The gray shading
around the black bulleted SAC405+Ni solid curve
represents the 5% standard deviation in the exper-
imental data. The corresponding identified consti-
tutive parameters for the SAC405 and SAC405+Ni
are listed in Table I. The identified ultimate stress of
the SAC405+Ni composite specimen is 23% higher
than that of SAC405. As expected, the hardening for
the composite SAC405+Ni solder is significantly
larger than that of the unreinforced solder.
Modeling the Constitutive Response
of the Composite Solder
The material under investigation, SAC405+Ni, is
essentially a particle-reinforced metal matrix com-
posite. The majority of the homogenization models
for particulate composites reported in the literature
are two dimensional.23–25 Although they capture
some physical aspects of the material behavior, they
are not able to predict the effective behavior of
composites with randomly distributed particles.26,27
This is due to the fact that plane-stress approxi-
mations tend to underestimate the strengthening
effect of the particles, whereas plane-strain ones
tend to overestimate it. Therefore, in the present
work a three-dimensional (3D) FE homogenization
model was adopted. A detailed description of the
model is reported elsewhere.17 In a direct homoge-
nization problem, the properties of the constituents
are given and the unknowns are those of the com-
posite. Therefore, the inputs herein were the iden-
tified stress–strain response of the unreinforced
solder matrix (Fig. 11) and the volume fraction
(13 vol.%) and the mechanical properties of the
reinforcing phase formed due to particle addition.
The output is the elastoplastic response of the
SAC405+Ni solder. The matrix material is assumed
to follow the von Mises yield criterion and have
isotropic hardening. Linear elastic behavior is
assigned to the reinforcement, defined by Young’s
modulus (E) and Poisson’s ratio (m). The results of
EDS analysis suggest that these particles are con-
stituted of Ni3Sn4 intermetallics and of unreacted
Ni particles (Fig. 4). Therefore two limit cases for
particle composition were considered: 100% Ni
particles (E = 214 GPa, m = 0.3), as if there were no
reaction of Ni particles with Sn, and 100% Ni3Sn4
particles (E = 133.3 GPa, m = 0.33), corresponding
to the case in which all the Ni reacts to form Ni3Sn4
intermetallic particles.28,29 Perfect adhesion be-
tween particles and matrix is assumed. This
assumption is supported by microscopic analyses
which show neither debonding of the reinforce-
ments from the solder matrix nor failure in the
particles themselves.
The representative volume element (RVE) size
was assessed using the criterion proposed in a pre-
vious study.17 In the present case, this leads to a
size of a RVE that contains 121 particles. The FE
model was processed with ABAQUS Standard
6.7-1 software package,30 and modified ten-node
tetrahedral elements are employed. The mesh,
Fig. 11. Comparison of the elastoplastic stress–strain responses of
SAC405+Ni specimen obtained by experiment and modeling.
Table I. Identified Constitutive Properties
of the Solder Material (Experimental)
Specimen
ryield
(MPa)
Q1
(MPa)
b
(MPa)
rultimate
(MPa)
SAC405 27.88 18.13 186.44 46.01
SAC405+Ni 34.04 23.44 91.81 57.49
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shown in Fig. 12, consisted of 255,802 nodes and
167,818 elements.
Pure tension simulations were carried out under
mixed static–kinematic boundary conditions: the
displacements were imposed at the nodes on the
tensile faces and no load was imposed on the unit
cell faces parallel to the tensile direction. The model
predicts almost the same stress–strain curves for
the composite for the two cases of the reinforcing
particles considered herein. Therefore only the
stress–strain curve corresponding to 100% Ni par-
ticles is reported in Fig. 11. In this figure the thin
dark gray shading around the stress–strain curve
obtained from the model is the deviation of the
model results from cubic symmetry (i.e., the differ-
ence in the response when the RVE is loaded in the
x, y, and z directions). Note that the negligible
scatter provides additional proof of the representa-
tiveness of the homogenization model.
DISCUSSION
The agreement between homogenization results
and experimental data (Fig. 11) leads to the con-
clusion that the matrix material in the composite
SAC405+Ni has comparable mechanical properties
to the original SAC405. The model predictions are in
very good agreement with the experiments for val-
ues of the effective total strain larger than 1%, with
the model curve exhibiting an ultimate stress of
about 51 MPa. In the regime of large plastic strain
the predicted curve is slightly lower than the
experimental curve, particularly with regard to the
ultimate stress, but the difference is on the order of
the error in the experimental test data. A small
difference can be noticed in the shape of the hard-
ening part of the stress–strain curve when the total
strain is less than 1%. This discrepancy is caused by
imperfect identification of the constitutive response
of the Ni-reinforced solder: the exponential hard-
ening model used in the inverse method cannot
reproduce the initial strong hardening experimen-
tally observed for SAC405+Ni.
The fact that the 3D continuum-based homoge-
nization model captures the elastoplastic response
of the composite solder further leads to the conclu-
sion that the strengthening effects in the composite
SAC405+Ni are mainly due to load sharing between
particles and to the development of a significant
triaxial stress state in the solder matrix, which
impedes plastic deformation. Therefore, strength-
ening effects related to pinning of dislocations are
negligible. This can be attributed to the fact that the
characteristic size of the reinforcement is relatively
large,31,32 >5 lm, as shown in Fig. 3.
As expected, the increase in the material strength
is accompanied by a loss of ductility, as confirmed by
experimental data. Failure initiation at the thick
interfacial intermetallic layer between the solder
and base metal in the SAC405+Ni joints suggests
the presence of stress concentrations, possibly due
to the fact that the interfacial intermetallic layer is
thicker than in the case of the joints with SAC405.
The microcracks propagating in the Sn grains
(Fig. 10) suggest the presence of high stresses in the
Sn-based matrix, caused by the presence of the
reinforcement. By contrast, the absence of rein-
forcing phases in the SAC405 joints leads to their
Fig. 12. The unit cell for SAC405+Ni with 13% volume of rein-
forcement (part of the matrix elements are not displayed to show the
particles).
Fig. 13. Equivalent stress versus equivalent strain response of
SAC405+Ni specimen obtained by homogenization with varying
volume fraction of Ni/Ni3Sn4 reinforcing phases.
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very ductile behavior with unrestricted plastic flow
up to the observed 80% to 100% ultimate shear
strain. Other studies have also observed an increase
in strength and loss in ductility upon adding
metallic/ceramic reinforcements to solders.33–35
Further homogenization analyses were carried
out to predict the properties of the composite as a
function of the reinforcement volume fraction
(5 vol.% to 15 vol.%). The results summarized in
Fig. 13 show that the material strength is propor-
tional to the reinforcement volume fraction.
However it can be observed that at least 10 vol.%
of reinforcing phases are required to observe a
substantial increase in the ultimate strength.
These results also show that homogenization tech-
niques can help to minimize the experimental work
required to optimize the reinforcement volume
fraction.
CONCLUSIONS
A combined experimental and modeling approach
was successfully applied to investigate the
mechanical response of composite lead-free solder
SAC405+Ni. The solder joints were tested in shear
using a novel specimen design which provides
accurate and realistic experimental results. The
additional phases formed in the solder due to par-
ticle addition lead to an increase in the strength of
the solder, accompanied by a loss in ductility. This
effect can be explained by taking into account the
mechanism of load sharing between matrix material
and reinforcement and the restricted plastic flow of
the solder matrix caused by the presence of the stiff
inclusions. Since no significant size effect can be
observed, the elastoplastic response of the composite
can be accurately predicted using a 3D homogeni-
zation model, which proves to be a powerful tool able
to guide, and therefore minimize, the experimental
activity. Future steps following the present work
include the development of tools for the prediction of
the ductility limits and the creep response of com-
posite solders. These would require the incorpora-
tion of complex damage mechanisms involving void
growth and coalescence, as well as detailed creep
models of the constituents.
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